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We investigate atomic and electronic structures of monolayer 1T-TaSe2 using density functional
theory calculations. Monolayers of 1T-TaSe2 were recently grown on graphene substrates and sug-
gested as an intriguing Mott insulator [Nat. Phys. 16, 218 (2020)]. However, the prevailing
structural model for the model system of 1T-TaS2, the cation-centered cluster of a David-star shape
with strong electron correlation, could not explain the characteristic and unusual orbital splitting
observed in scanning tunneling spectroscopy experiments. We suggest an alternative structure
model, an anion-centered cluster structure, which can reproduce most of the unusual spectroscopic
characteristics with electron doping from the substrate without electron correlation. The unusual
spectroscopic features observed, thus, seems to indicate a simple and usual band insulating state.
This work indicates the importance of a large structural degree of freedom given for a cluster Mott
insulator.
Mott insulator is a prototypical state of condensed
matter with strong electron manybody interaction [1],
which is related to a wide variety of exotic proper-
ties including unconventional superconductivity through
the coupling to other types of manybody interactions
[2]. In particular, the commensurate charge-density-wave
(CCDW) phase in 1T-TaS2 [3] is a paradigmatic example
of a Mott insulator [4] coupled with a strong electron-
phonon interaction. Among thirteen Ta atoms within a
CCDW supercell called as a David-star cluster, twelve Ta
atoms are bonded to each other but a unpaired 5d elec-
tron in the central Ta atom falls into the Mott-insulator
state due to a substantial onsite Coulomb repulsion and a
very small band width. This prevailing model is however
under strong debate recently due mainly to the presence
of interlayer coupling, which can induce an interlayer spin
singlet and a trivial band insulating state. In contrast,
an isostructural and isoelectronic compound of 1T-TaSe2
exhibits an equivalent CCDW structure to 1T-TaS2 but
remains in a metallic state down to very low tempera-
ture [4–6]. This material has a greater hybridization of
Ta 5d and the Se 3p electrons, which results in more dif-
fuse Wannier orbitals for the unpaired electron, making
it unfavorable to the Mott instability. These are only
parts of the studies which indicate the subtle balance
between various different degrees of freedom to secure a
Mott insulating state in a complex material.
In this context, it is noteworthy that a very recent
scanning tunneling spectroscopy (STS) study suggested
a very unusual Mott insulating state in a monolayer of
1T-TaSe2 [7] grown on a graphene substrate through
molecular beam epitaxy, which minimizes the interlayer
coupling. The STS spectra of the monolayer 1T-TaSe2
on a bilayer graphene/SiC(0001) substrate showed the√
13×√13 CDW superstructure shared by bulk 1T-TaSe2
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and 1T-TaS2 and an apparent band gap. This work as-
sumed the David-star structure of bulk and local density
of states (LDOS) calculated can reproduce the band gap
with a moderate electron correlation (U ∼ 2 eV). While
this type of calculations in fact indicates a magnetically
ordered state and the band gap is largely from the ex-
change interaction, this work interpreted it as the evi-
dence of a Mott insulating state in line with many pre-
vious works on 1T-TaS2. However, the putative upper
Hubbard state shows a totally different orbital character
from that expected for the unpaired dz electron on the
central Ta atom. This observation substantially deviates
from any Mott insulator known and an extra electronic
interaction during electron tunneling was introduced to
explain this unusual feature. In contrast, an independent
STS study observed a different spectra for this state and
suggested a band insulating state [8].
In this Letter, we note this discrepancy and the huge
structural degree of freedom that a CDW unitcell with
thirteen Ta atoms has. In the latter aspect, we note fur-
ther that the atomic structure of monolayer 1T-TaSe2
films has not been determined experimentally. This
means that the CDW unitcell can in principle be in
one of various different structures competing energeti-
cally. The competition and coexistence of different CDW
structures have been discussed for a long time for vari-
ous CDW materials [9–11] and was recently observed,
for example, in 2H-NbSe2 [12]. Through DFT calcula-
tions, we suggest an atomic structure candidate of the
CDW state of monolayer 1T-TaSe2, the anion-centered
structural model. This model can reproduce all the spec-
troscopic features observed including the unusual orbital
texture of the unoccupied states with an electron doping
from the substrate. The electron doping is believed to
be highly possible in the electron-rich graphene bilayer
grown on SiC. The electron correlation effect is shown
to be marginal in the anion-centered model, indicating
a band insulator. This work tells that the picture of a
Mott insulator with a unprecedented orbital texture has
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FIG. 1: Anion centered model of the monolayer 1T-TaSe2.
a-c Cation centered model (David-star cluster) and d-f an-
ion centered model. a and d Atomic structures, b and e
band structures without electron correlation, and c and f
band structures with electron correlation (U = 2.3 eV). Green
and yellow balls in atomic structure represent Ta and top Se
atoms, respectively. The solid lines denote the
√
13×√13
CDW unitcell. The circle size in b and e is proportional to
the amount charge localized in the specific Ta atoms which
are marked by the red circle and ellipse in a and d, respec-
tively. The red and blue circles in d and f denote the majority
and minority spin states, respectively.
to be carefully examined and the atomic structure of the
monolayer 1T-TaSe2 film needs to be verified experimen-
tally.
DFT calculations were performed by using the Vi-
enna ab initio simulation package [13] within the Perdew-
Burke-Ernzerhof generalized gradient approximation [14]
and the projector augmented wave method [15]. The
monolayer 1T-TaSe2 was modeled with the experimen-
tal lattice constant of 3.44 A˚ [7] and a vacuum spacing
of about 13.6 A˚. We used a plane-wave basis set of 259
eV and a 8×8×1 k-point mesh for the √13 × √13 unit
cell and atoms were relaxed until the residual force com-
ponents were within 0.01 eV/A˚. To represent electronic
correlations, an on-site Coulomb energy (U = 2.3 eV)
was included for Ta 5d orbitals.
Figure 1a shows the prevailing cation(Ta)-centered
model of 1T-TaSe2, which is the same as the David-star
cluster model of 1T-TaS2. One unpaired 5d electron per
the CCDW unitcell is localized at the center of a David
star and a nondispersive partially filled band appears at
the Fermi level (Fig. 1b). In clear contrast to the case
of monolayer 1T-TaS2, the partially filled band deviates
largely from the center of the band gap originating from
the CDW distortion. This band overlaps with the va-
lence band edge coming from Se 3p orbitals, which makes
a huge difference of the electronic behavior of 1T-TaSe2
and 1T-TaS2 in their bulk forms. In Fig. 1c, the half
filled bands splits into upper and lower Hubbard states
by onsite Coulomb repulsion (U = 2.3 eV). The upper
Hubbard state locates at 0.1 eV inside the CDW band
gap but the lower Hubbard state is strongly hybridized
with the valence bands around 0.4 eV. The band struc-
ture corresponds thus not to a Mott insulator but to a
charge transfer insulator. These two states are strongly
spin-polarized and the ground state predicted in DFT+U
is a ferromagnetic or an antiferromagnetic state. That is,
the band gap itself has a exchange splitting origin in large
parts.
For the 1T phase, the anion (Se) site is another unique
symmetric site of a CDW cluster center to result in a
different CDW structure [12]. After the full relaxation
with a center at an anion site, 12 Ta atoms are clustered
to form a 3-folded irregular hexagon and one Ta atom is
left over in between them (Fig. 1d). The band structure
of the anion centered model (Fig. 1e) also exhibits a
partially filled metallic state due to thirteen electrons
per a
√
13×√13 CDW unitcell. The partially filled state,
however, is not a localized state at a single Ta atom but
originates from the bonding state of the outer Ta atoms
of the cluster marked by red ellipse in Fig. 1d. A spin
polarized ground state is predicted by adding the onsite
Coulomb repulsion (Fig. 1f), but the energy levels are
changed only marginally. This indicates that the electron
correlation effect is not as crucial as the cation centered
model even though the partially filled one-electron band
has a very similar band width in both structures. That
is, the Mott insulator nature is not simply decided by the
U/t (t, band width) ratio but the detailed local orbital
characteristics has to be considered.
The discrepancy between the calculation and the ex-
periment mentioned above for the cation-centered model
is easily explained in the anion-centered model. The cor-
responding LDOS calculation as shown in Fig. 2d repro-
duces well the overall STS spectral features (see Supple-
mental Material Fig. 1 [18]). Moreover, the honeycomb
orbital characteristic of the state at 0.2 eV is well re-
produced (Fig. 2h). Two protrusions in the unit cell
observed for this state correspond to the top Se atoms
at two distinguished regions between the CDW clusters
marked by purple shade in Fig. 1d and it explains the
double peaks in Fig. 2d. Thus we suggest that the un-
usual orbital texture of this system may not be due to an
unknown manybody physics but could be explained by a
different CDW structure, which results in a simple band
insulator. This orbital character does not change much
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FIG. 2: Experimental and theoretical orbital textures for the
monolayer 1T-TaSe2. a and b STS spectra of the monolayer
1T-TaSe2 on bilayer graphene/SiC(0001) substrate. a and b
were taken from Ref. [7] and [8], respectively. c Local DOS at
Ta atoms of cation centered model with electron correlation.
The red and blue shades denote the majority and minority
spin states, respectively. d Local DOS at Ta atoms of anion
centered model without electron correlation. The Fermi level
is shifted up by 0.15 eV. e-f dI/dV maps and g-h theoretical
charge characters. The arrows in a-d denote the energy level
of the corresponding dI/dV maps and the theoretical charge
characters.
after inclusion of the correlation U (Fig. 1f).
Since this calculation without U predicts a metallic
system as shown in Fig. 1e, we shift the Fermi level
by 0.15 eV in the above comparison. That is, we as-
sume electron transfer from the highly metallic substrate
of bilayer graphene on SiC. This is plausible since the
work function of TaSe2 (∼5.1 eV) [16] is larger than that
of bilayer graphene/SiC(0001) (∼ 4.3 eV) [17]. We ex-
amined the doping effect for a monolayer 1T-TaSe2 in a√
13×√13 structure on the graphene as the most simplest
model. The 5×5 supercell of graphene is matched with
the
√
13×√13 cell of 1T-TaSe2. In this model, the lat-
tice constant of graphene in the supercell is 2.48 A˚ which
is marginally (less than 1 %) expanded compared to an
ideal graphene layer and the interlayer spacing between
Ta and graphene layers is optimized to 6.1 A˚ with an ad-
sorption energy of 0.268 eV per a
√
13×√13 unitcell (see
Supplemental Material Figs. 2 and 4 [18]). While the
present calculations do not include the Van der Waals
energy for simplicity, the electronic structure is shown
to be not sensitive to the interlayer spacing (see Sup-
plemental Material Fig. 3 [18]). The interaction between
the 1T-TaSe2 and the graphene layer induces a rigid shift
upward of the graphene pi bands by 0.34 eV and most of
the partially filled states of 1T-TaSe2 are shifted down
under the Fermi level (Fig. 3a). This unambiguously in-
dicates that electrons moves from graphene to 1T-TaSe2
without any strong hybridization. The remaining metal-
lic state of the valence band edge near the Γ point is
found to be very sensitive to the variation in the lattice
constant. The system can easily be driven to a complete
insulating state by only 1 % lattice expansion (Fig. 3c
and d).
While the above discussion deals with a neutral
graphene layer, we also examine an electron-doped
graphene layer with the Fermi level shifted by -0.45
eV. This corresponds to the graphene layer grown in
SiC(0001) as used to grow 1T-TaSe2 layers in the experi-
ment. The strongly doped layer was mimicked by putting
akali metal (K) adsorbates on the bottom of graphene
layer (Fig. 3f) at a distance of 6 A˚ away (see Supple-
mental Material Fig. 5 [18]). In this calculation, the
doping effect is enhanced, the Dirac point of graphene is
shift upward by 0.41 eV (Fig. 3b) and valence band edge
of Ta locates at around -0.3 eV. Thus, we can conclude
that the electron-rich graphene layer on SiC(0001) acts
as a good electron donor and the partially filled states of
the 1T-TaSe2 would eliminated by electron doping.
The anion centered model is slightly unfavored in en-
ergy compared to the cation centered model as 0.023
eV/Ta atom (0.017 eV/Ta atom) without (with) electron
correlation. Note that the growth condition in molecular
beam epitaxy is far from equilibrium and the substrate
effect, strain, Moire´ distortion, and charge transfer, can
rather easily change the energetics. We thus argue that
the claim of an unprecedented orbital physics of a Mott
insulator in monolayer 1T-TaS2 is premature and the
careful investigation of the atomic structure and the elec-
tron doping from the substrate are requested. This work
indicates that a subtle balance between various different
degrees of freedom is needed to secure a Mott insulating
state in a complex material.
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graphene/K system. e, g, h show in enlarged scale near the Fermi level of a, c, d. f Atomic structure of 1T-TaSe2/graphene/K.
Brown and purple balls represent the C and K atoms, respectively.
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